Stabilization of Regenerating-Mode Operation in Sensorless Induction Motor Drives by Full-Order Flux Observer Design by Hinkkanen, Marko & Luomi, Jorma
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.
Author(s): Hinkkanen, M. & Luomi, J.
Title: Stabilization of Regenerating-Mode Operation in Sensorless Induction
Motor Drives by Full-Order Flux Observer Design
Year: 2004
Version: Post print
Please cite the original version:
Hinkkanen, M. & Luomi, J. 2004. Stabilization of Regenerating-Mode Operation in
Sensorless Induction Motor Drives by Full-Order Flux Observer Design. IEEE
Transactions on Industrial Electronics. Volume 51, Issue 6. 1318-1328. ISSN 0278-0046
(printed). DOI: 10.1109/tie.2004.837902.
Rights: © 2004 Institute of Electrical & Electronics Engineers (IEEE). Personal use of this material is permitted.
Permission from IEEE must be obtained for all other uses, in any current or future media, including
reprinting/republishing this material for advertising or promotional purposes, creating new collective works,
for resale or redistribution to servers or lists, or reuse of any copyrighted component of this work in other
work.
All material supplied via Aaltodoc is protected by copyright and other intellectual property rights, and
duplication or sale of all or part of any of the repository collections is not permitted, except that material may
be duplicated by you for your research use or educational purposes in electronic or print form. You must
obtain permission for any other use. Electronic or print copies may not be offered, whether for sale or
otherwise to anyone who is not an authorised user.
Powered by TCPDF (www.tcpdf.org)
1Stabilization of Regenerating-Mode Operation in
Sensorless Induction Motor Drives by Full-Order
Flux Observer Design
Marko Hinkkanen and Jorma Luomi, Member, IEEE
Abstract—This paper deals with the full-order flux observer
design for speed-sensorless induction motor drives. An unstable
region encountered in the regenerating mode at low speeds is well
known. To remedy the problem, a modified speed-adaptation law
is proposed. Instead of using only the current estimation error
perpendicular to the estimated flux, the parallel component is
also exploited in the regenerating mode. Using current estimation
error loci in steady state, a linearized model, simulations, and
experiments, it is shown that the observer using the proposed
speed-adaptation law does not have the unstable region. It is
also shown that the effect of erroneous parameter estimates on
the accuracy of the observer is comparatively small.
Index Terms—Full-order flux observer, induction motor drives,
speed sensorless, stability analysis.
I. INTRODUCTION
Speed-sensorless induction motor drives have developed
significantly during the last few years. Speed-adaptive full-
order flux observers [1], [2] are promising flux estimators for
induction motor drives. The speed-adaptive observer consists
of a state-variable observer augmented with a speed-adaptation
loop. The observer gain and the speed-adaptation law deter-
mine the properties of the observer. Dynamic performance
comparable to drives equipped with a speed sensor can be
achieved in a wide speed and load range. However, induction
motor drives using the conventional speed-adaptive flux ob-
server become unstable when regenerating at low speed [3],
[4], [5]. Speed-sensorless reduced-order observers also have
similar problems in the regenerating mode [6]. As shown in
[7], the speed and fluxes of the machine are observable from
stator quantities at all operating points except dc excitation.
Thus the instability of the conventional observer is due to
inadequate observer design.
The conventional speed-adaptation law is based on the
component of the current estimation error which is perpen-
dicular to the estimated rotor flux. The adaptation law was
originally derived using the Lyapunov stability theory [1] or
the Popov hyperstability theory [2]. However, the stability of
the adaptation law is not guaranteed. The derivation in [1]
neglects a term including the actual rotor flux (which is not
measurable) as shown in [4]. The positive-realness condition
is not satisfied in [2] as shown in [3]. A speed-adaptation
law based on the current estimation error perpendicular to
the estimated stator flux was proposed in [8]. The adaptation
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law was derived using the Lyapunov stability theory. However,
the stability is not guaranteed as shown in Appendix A, and
stability problems still exist in the regenerating mode.
The authors of [1] realized the problem in their original
design and proposed a solution in [5], where the regenerating
mode is stabilized by the observer gain design. An observer
gain design reducing the unstable region was considered in [3].
An alternative approach to remedy the instability is to modify
the speed-adaptation law. A new speed-adaptation law was
proposed in [7], where the error angle between the modified
current vector and its estimate is used. However, the effect of
parameter errors was not studied in [3], [5], and the study in
[7] indicated problems in no-load operation when the stator
resistance estimate is erroneous.
This paper proposes a modified speed-adaptation law where
the projection of the current estimation error is changed in the
regenerating-mode low-speed operation. The induction motor
model and the speed-adaptive flux observer are first defined.
Then, loci of the current estimation error in steady state are
used to clarify the problem and its solution. The stability
is studied by using pole plots of the linearized system. The
proposed observer is compared with three existing solutions
by studying the effects of parameter errors on the accuracy. Fi-
nally, after describing a control system based on the rotor flux
orientation, simulation and experimental results are presented.
II. INDUCTION MOTOR MODEL
The parameters of the inverse-Γ-equivalent circuit [9] of
an induction motor are the stator resistance Rs, the rotor
resistance RR, the stator transient inductance L
′
s, and the
magnetizing inductance LM . The electrical angular speed of
the rotor is denoted by ωm, the angular speed of the reference
frame by ωk, the stator current space vector by is, and the
stator voltage by us. When the stator flux ψs and the rotor flux
ψ
R
are chosen as state variables, the state-space representation
of the induction motor becomes
x˙ =
[
− 1
τ ′s
− jωk 1τ ′s
1−σ
τ ′r
− 1
τ ′r
− j (ωk − ωm)
]
︸ ︷︷ ︸
A
x+
[
1
0
]
︸︷︷︸
B
us (1a)
is =
[
1
L′s
− 1
L′s
]
︸ ︷︷ ︸
C
x (1b)
2TABLE I
PARAMETERS OF 2.2-KW 4-POLE 400-V 50-HZ MOTOR AND LOAD
Stator resistance Rs 3.67 Ω
Rotor resistance RR 2.10 Ω
Magnetizing inductance LM 0.224 H
Stator transient inductance L′s 0.0209 H
Rated speed 1 430 r/min
Rated current 5.0 A
Rated torque 14.6 Nm
Total moment of inertia 0.0155 kgm2
Viscous friction coefficient 0.0025 Nm·s
where the state vector is x = [ψ
s
ψ
R
]T , and the parameters
are σ = L′s/(LM + L
′
s), τ
′
s = L
′
s/Rs, and τ
′
r = σLM/RR.
The electromagnetic torque is
Te =
3
2
p Im
{
isψ
∗
R
}
=
3
2
p
1
L′s
Im
{
ψ
s
ψ∗
R
}
(2)
where p is the number of pole pairs and the complex conju-
gates are marked by the symbol ∗. In this paper, the parameters
of a 2.2-kW four-pole induction motor given in Table I are
used.
III. SPEED-ADAPTIVE FULL-ORDER FLUX OBSERVER
Choosing the stator and rotor fluxes as state variables is
preferred since no inductance derivatives are needed and the
modelling of magnetic saturation becomes simpler. In addition,
the observer could be used with stator flux orientation control
or direct torque control [8] as well as with rotor flux orientation
control. Consequently, the full-order flux observer is defined
by
˙ˆx = Aˆ xˆ+Bus + L
(
is − iˆs
)
(3a)
iˆs = Cxˆ (3b)
where the observer state vector is xˆ = [ψˆ
s
ψˆ
R
]T and the
estimates are marked by the symbol ˆ. The matrix Aˆ and the
observer gain L are given by
Aˆ =
[
− 1
τ ′s
− jωk 1τ ′s
1−σ
τ ′r
− 1
τ ′r
− j(ωk − ωˆm)
]
, L =
[
ls
lr
]
(3c)
It is desired to have a wide speed and torque range with
good dynamic properties. The approach used in this paper is to
design the observer gain especially for nominal and high-speed
operation whereas the problems at low speeds are handled by
modifying the speed-adaptation law.
A. Observer Gain
A simple observer gain giving fast and well-damped ob-
server dynamics up to very high speeds is adopted [10]
L = λ
[
1 + j sign(ωˆm)
−1 + j sign(ωˆm)
]
(4a)
where
λ =
{
λ′ |ωˆm|
ωλ
, if |ωˆm| < ωλ
λ′, if |ωˆm| ≥ ωλ
(4b)
Parameters λ′ and ωλ are positive constants. The parameter
λ′ can be considered as an impedance, which may be helpful
when choosing λ′ for different motor sizes. In this paper, the
observer gain is determined by λ′ = 10 Ω and ωλ = 1 p.u.
The base value of the angular frequency is 2pi·50 s−1.
B. Speed-Adaptation Laws
The rotor speed estimate is obtained using the adaptation
mechanism
ωˆm = −γp ε− γi
∫
ε dt (5)
where γp and γi are positive adaptation gains and ε is an error
term. Due to integral action of (5), the error term is driven to
zero in steady state. The gains γp = 10 (Nm·s)−1 and γi =
10 000 (Nm·s2)−1 are used in this paper.
1) Conventional: The error term of the conventional speed-
adaptation law is
ε = Im
{(
is − iˆs
)
ψˆ
∗
R
}
(6)
Only the current estimation error perpendicular to the esti-
mated rotor flux is used to estimate the speed. The adaptation
law works well except in the regenerating mode at low speeds.
2) Proposed: The proposed error term is
ε = Im
{(
is − iˆs
)
ψˆ
∗
R
e−jφ
}
(7)
where the angle φ changes the direction of the error projection.
In other words, the component of the current estimation error
parallel to the estimated rotor flux is also exploited when φ 6=
0. The angle φ can be used to stabilize the regenerating-mode
operation at low speeds.
IV. LOCI OF CURRENT ESTIMATION ERROR IN STEADY
STATE
Based on (1) and (3), the estimation error e = x− xˆ of the
state vector and the estimation error of the stator current are
e˙ = (A− LC) e+
[
0
jψˆ
R
]
(ωm − ωˆm) (8a)
is − iˆs = Ce (8b)
respectively. In the following, accurate motor parameter esti-
mates are assumed. The estimation error e is considered in
steady state, i.e., e˙ = 0. This assumption is reasonable if
the estimation error e is changing much faster than ωm and
ωˆm. The steady-state solution of the current estimation error
becomes
is − iˆs =
ψˆ
R
(ωm − ωˆm)(
σ
τ ′r
+ jωr
)
Rs+ls
ωs
+ jL′s
(
1
τ ′r
− lr
L′s
+ jωr
) (9)
where ωs is the angular frequency of the estimated rotor
flux (which corresponds to the stator frequency in steady
state) and ωr = ωs − ωm is the angular slip frequency. The
estimated rotor flux reference frame is used, i.e., ωk = ωs
and ψˆ
R
= ψˆR + j0. Based on (9), the current estimation error
in steady state can be easily calculated for a given error
ωm − ωˆm and an operating point determined by ωs, ωr, and
ψˆR. The results of this section are augmented by analyzing
the linearized observer in Section V.
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Fig. 1. Loci of current estimation error when angular slip frequency ωr varies
from negative rated slip to positive rated slip (rated angular slip frequency
being ωrN = 0.05 p.u.). Angular stator frequency is ωs = 0.1 p.u., and
results for two different speed estimation errors (0.04ωrN and 0.08ωrN ) are
shown. Estimated rotor flux reference frame is used.
A. Stable Region
The loci of current estimation error for two different speed
estimation errors are depicted in Fig. 1 when the angular slip
frequency ωr varies from the negative rated slip to the positive
rated slip (the rated angular slip frequency being ωrN = 0.05
p.u.). The angular stator frequency is ωs = 0.1 p.u. In the
estimated rotor flux reference frame, the stator current is is =
isd + jisq . It can be seen that the larger the speed error, the
larger is the current estimation error. In Fig. 1, ωs > 0 and
ωˆm > ωm. If ωs < 0, the loci lie in the right half-plane. If
ωˆm < ωm, the loci are located in the lower half-plane.
In the estimated rotor flux reference frame, the error term
(6) corresponding to the conventional adaptation law reduces
to
ε = (isq − iˆsq)ψˆR (10)
The speed estimate (5) thus depends on the error isq − iˆsq . If
ωˆm > ωm, the condition isq − iˆsq > 0 should hold in order the
speed estimate to converge. In Fig. 1, this condition holds for
all slip frequencies including the regenerating-mode operation
(where ωsωr < 0).
B. Unstable Region
Loci of the current estimation error for a lower angular
stator frequency ωs = 0.01 p.u. are shown in Fig. 2. The
locus consisting of the dashed curve and the solid curve shows
the current estimation error. The condition isq − iˆsq > 0
holds in the motoring mode, but in the regenerating mode
at higher slips, it does not hold. Hence, the observer using the
conventional adaptation law becomes unstable.
Based on Fig. 2, it can be noticed that the regenerating
mode can be stabilized by changing the direction of the error
projection. Consequently, the proposed adaptation law (7) in
the estimated rotor flux reference frame is considered. The
current estimation error is rotated by factor exp(−jφ). Since
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Fig. 2. Loci of current estimation error when angular slip frequency ωr
varies from negative rated slip to positive rated slip. Angular stator frequency
is ωs = 0.01 p.u. and speed estimation error is ωˆm−ωm = 0.04ωrN . Locus
consisting of dashed curve and solid curve corresponds to conventional adap-
tation law. Locus consisting of dash-dotted curve and solid curve corresponds
to proposed adaptation law. Estimated rotor flux reference frame is used.
the conventional adaptation law works well in the motoring
mode, the angle φ is selected as
φ =
{
φmax sign(ωs)
(
1− |ωs|
ωφ
)
, if ωsωˆr < 0 and |ωs| < ωφ
0, otherwise
(11)
where ωˆr = ωs − ωˆm is the slip frequency estimate. For the
given motor, φmax = 0.44pi (i.e., 80
◦) and ωφ = 0.4 p.u.
were chosen. In Fig. 2, the current error locus resulting from
(11) consists of the dash-dotted curve and the solid curve (the
dash-dotted curve corresponding to the dashed curve rotated
78◦ around the origin). Now, the condition isq − iˆsq > 0 is
valid for all slip frequencies.
Under the steady-state assumptions of this section, the
parameters φmax and ωφ can be substantially varied without
losing the stability. The minimum value of φ, which sta-
bilizes the speed estimation, is the value corresponding to
(is − iˆs) exp(−jφ) and ψˆR being parallel. It was found out
that the minimum stabilizing value of φ obtained using (9)
is equal to the minimum value obtained using the linearized
model in Section V. The maximum value of φ, on the other
hand, is limited by the linearized model.
The proposed adaptation law is not restricted to the observer
gain (4). Even the same values of φmax and ωφ as for the
observer gain (4) can be used in some cases, e.g., when using
the observer gain proposed in [8] or the zero observer gain.
V. LINEARIZED MODEL
The nonlinear and complicated dynamics of the speed-
adaptive observer can be studied via small-signal linearization.
The key factor in the linearization is to use a synchronous
reference frame in order to obtain a steady-state operating
point. In the linearized model, the dynamics of both the motor
and the observer are taken into account. Even though the stator
4dynamics are included in the model, the linearized model is
independent of the stator voltage and, consequently, of the
current controller. Accurate motor parameter estimates are
assumed in the analysis. The controllers or the mechanical
model are not included in the linearized model. This can be
justified if the overall system can be divided into different time
scales.
A. Estimation Error
In the rotor flux reference frame, the linearized small-signal
model of (8a) becomes [10]
e˙ = (A0 − L0C) e+
[
0
jψR0
]
(ωm − ωˆm) (12a)
where e, ωm, and ωˆm refer to the deviation about the oper-
ating point. The operating-point quantities are marked by the
subscript 0, and the matrices are
A0 =
[
− 1
τ ′s
− jωs0 1τ ′s
1−σ
τ ′r
− 1
τ ′r
− jωr0
]
, L0 =
[
ls0
lr0
]
(12b)
The transfer function from the estimation error of the speed
ωm − ωˆm to the estimation error of the current is − iˆs is
G(s) = C (sI−A0 + L0C)−1
[
0
jψR0
]
= − jψR0
L′s
s+ jωs0
A(s) + jB(s)
(13a)
where I = [ 1 00 1 ] is the identity matrix. The polynomials in
(13a) are defined as
A(s) = s2 + s
(
1
τ ′s
+
1
τ ′r
+
lsd0 − lrd0
L′s
)
− ωs0ωr0 + σ
τ ′sτ
′
r
+
ωs0lrq0 − ωr0lsq0
L′s
+
σlsd0
τ ′rL
′
s
(13b)
B(s) = s
(
ωs0 + ωr0 +
lsq0 − lrq0
L′s
)
+
ωs0τ
′
s + ωr0τ
′
r
τ ′sτ
′
r
+
ωr0lsd0 − ωs0lrd0
L′s
+
σlsq0
τ ′rL
′
s
(13c)
where the entries of the observer gain are divided into real and
imaginary components: ls0 = lsd0 + jlsq0 and lr0 = lrd0 +
jlrq0. Since the observer gain is allowed to be a function of
the estimated rotor speed, the subscript 0 is used. It is to be
noted that G(s) is independent of the speed-adaptation law.
B. Closed-Loop System
1) Conventional Adaptation Law: Based on the conven-
tional adaptation law (10), the linearized transfer function from
the current error isq − iˆsq to the speed estimate ωˆm is
K(s) = −
(
γp +
γi
s
)
ψR0 (14)
Only the imaginary component isq − iˆsq of the estimation
error of the current is of interest. Thus only the imaginary
component of (13a) is used,
Gq(s) = Im{G(s)} = −ψR0
L′s
sA(s) + ωs0B(s)
A2(s) +B2(s)
(15)
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Gd
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Fig. 3. Linearized model of observer: (a) conventional speed-adaptation law;
(b) proposed speed-adaptation law.
Using (14) and (15), the closed-loop system shown in Fig. 3(a)
is formed. The closed-loop transfer function corresponding to
any operating point can be easily calculated using suitable
computer software (e.g., MATLAB Control System Toolbox).
The pole plot of the linearized closed-loop system corre-
sponding to the regenerating-mode operation is shown in Fig.
4(a). The slip frequency is ωr0 = −ωrN . Only the dominant
poles are shown. As assumed, the system is unstable at low
stator frequencies (a real pole is located in the right half-
plane). As shown in [3], the reason for the unstable closed-loop
pole is the unstable zero of Gq(s) in the regenerating mode
at low speeds. As the feedback gain increases, the closed-loop
poles move to the positions of the open-loop zeros [11, p.
175].
Even if high adaptation gains are used (and the assumption
of slowly varying ωˆm made in Section IV is therefore not
justified), the stability of the linearized model agrees with
the results obtained in Section IV. The explanation is that
the unstable zero of Gq(s) is generally located close to the
imaginary axis. Therefore, the unstable mode is slow compared
with the dynamics of ωˆm during transients.
In order to illustrate the different time scales, simulation
results of the linearized model of Fig. 3(a) are shown in Fig.
5. The (unstable) operating point is determined by ωs0 = 0.01
p.u., ωr0 = −ωrN , and ψR0 = 0.9 Wb. A stepwise pertur-
bation of 0.1ωrN is applied to the actual speed ωm at t =
0.1 s. It can be seen that the transient response of the speed
estimate ωˆm after t = 0.1 s is fast whereas the divergence of
ωˆm, caused by the unstable zero of Gq(s), is very slow.
2) Proposed Adaptation Law: In the estimated rotor flux
reference frame, the proposed error term (7) becomes
ε =
[
(isq − iˆsq) cos(φ) − (isd − iˆsd) sin(φ)
]
ψˆR (16)
The linearized system is shown in Fig. 3(b), where the transfer
function from the estimation error of the speed ωm − ωˆm to
the estimation error of the current isd − iˆsd is
Gd(s) = Re{G(s)} = −ψR0
L′s
sB(s)− ωs0A(s)
A2(s) +B2(s)
(17)
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Fig. 4. Variation of dominant poles with stator frequency ωs0 in regenerating
mode: (a) conventional adaptation law; (b) proposed adaptation law. Slip
frequency is ωr0 = −ωrN . Due to symmetry, only upper half-plane is shown.
Fig. 4(b) shows the pole plot of the linearized closed-loop
system corresponding to the regenerating-mode operation. In
this case, the system is also stable at low stator frequencies
(marginally stable when the stator frequency is zero).
VI. EFFECT OF PARAMETER ERRORS ON ACCURACY
The effect of parameter errors on the accuracy of the flux
observer is crucial since it determines the robustness of the
overall system [12]. The effect of erroneous parameters used
within speed-adaptive flux observers can be studied by means
of a steady-state expression for ψˆ
R
/ψ
R
[13]. In the following,
the accuracy of the proposed observer design is compared with
the accuracy of three existing observer designs [3], [5], [7],
which reduce or remove the unstable region in the regenerating
mode at low speeds if the parameter estimates are accurate.
The state variables used in the compared observers differ from
(3), and the transformation given in Appendix B is therefore
used.
A steady-state solution of the rotor speed estimate ωˆm is
required to determine ψˆ
R
/ψ
R
. Since the error term ε of
the speed-adaptation law is zero in steady state, the steady-
state speed estimate can be found using iteration. Typically,
more than one steady-state solution of ωˆm can be found,
leading to more than one solution for ψˆ
R
/ψ
R
. With realistic
(ω
m
−
ωˆ
m
)/
ω
r
N
t (s)
i s
q
−
iˆ s
q
(p
.u
.)
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Fig. 5. Simulation of linearized small-signal model of Fig. 3(a). Unstable
operating point is determined by ωs0 = 0.01 p.u., ωr0 = −ωrN , and ψR0 =
0.9 Wb. Stepwise perturbation of 0.1ωrN is applied to actual speed ωm at
t = 0.1 s.
parameter errors, only one of the solutions fulfills the condition
ψˆ
R
/ψ
R
≈ 1 around the rated speed, whereas other solutions
are far from unity. Considering observers capable to operate
around the rated speed, it is clear that the rated-speed solution
ψˆ
R
/ψ
R
≈ 1 corresponds to the stable solution.
The approach used here is to find the solution ψˆ
R
/ψ
R
≈ 1
at the rated speed. Then the speed is decreased, and the
solution being continuous with the rated-speed solution is
tracked. This process is continued until a discontinuity in the
solution appears, or ψˆ
R
/ψ
R
= 0 occurs. The same process is
repeated starting from the negative rated speed. The described
process generates the steady-state solutions of ψˆ
R
/ψ
R
that
correspond to a very slow speed reversal starting from a higher
speed (e.g., the rated speed) where ψˆ
R
/ψ
R
≈ 1 holds.
The existence of a steady-state solution of ψˆ
R
/ψ
R
does
not guarantee that the solution is stable. On the other hand,
absence, discontinuity, or significant inaccuracy of a steady-
state solution are clear indicators of stability problems. Ac-
cording to simulations and experiments, fast transients through
the unstable regions are usually possible. The time that can be
spent in the vicinity of the unstable region depends mainly on
the accuracy of the stator resistance estimate.
The results obtained for different observer designs are
described in the following subsections. The curves in Fig.
6(a,b,c,d) show the steady-state solutions of ψˆ
R
/ψ
R
when
an erroneous stator resistance estimate is used. The curves in
Fig. 6(e,f) depict the solutions of ψˆ
R
/ψ
R
corresponding to an
erroneous magnetizing inductance estimate and an erroneous
stator transient inductance estimate, respectively. In Fig. 6(a,b),
the actual slip frequency ωr = 0 is used corresponding
to no-load operation. In Fig. 6(c,d,e,f), the slip frequency
used is equal to the rated slip, ωr = ωrN , corresponding
approximately to the rated-load operation. The rotor resistance
estimate has practically no effect on ψˆ
R
/ψ
R
. The adaptation
gains do not affect the steady-state expressions for ψˆ
R
/ψ
R
.
When the slip frequency ωr is zero, the solutions of ψˆR/ψR
corresponding to the negative and positive stator frequencies
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Fig. 6. Effect of parameter errors on ψˆ
R
/ψ
R
: (a,b) actual slip frequency is ωr = 0; (c,d,e,f) ωr = ωrN = 0.05 p.u. Solid line corresponds to proposed
observer, dashed line to observer described in Subsection VI-A, dotted line to observer described in Subsection VI-B, and dash-dotted line to observer described
in Subsection VI-C. Observer parameters are marked by symbol ˆ.
7are symmetrical. For nonzero slip frequency, the solutions of
ψˆ
R
/ψ
R
in the regenerating mode (ωsωr < 0) and in the
motoring mode are generally different. The operating point
corresponding to zero rotor speed is found at the frequency
ωs = 0 in Fig. 6(a,b) and at ωs = ωrN = 0.05 p.u. in Fig.
6(c,d,e,f).
A. Constant Observer Gain — Conventional Adaptation Law
The stability conditions for the speed-adaptive observer are
analyzed in [3] when the conventional speed-adaptation law
(6) is used. In order to reduce (not totally remove) the unstable
region, a real-valued observer gain
L = [0 lr]
T (18)
was considered. The parameter lr = −0.25Rs is selected here,
corresponding to the simulations and experiments in [3]. The
dashed curves in Fig. 6 show the steady-state solutions of
ψˆ
R
/ψ
R
. The unstable region in the regenerating mode can be
clearly seen in Fig. 6(c,d,e,f). It is to be noted that the curves
corresponding to zero observer gain are similar, except that the
unstable region is larger and shifted to slightly higher absolute
stator frequencies.
Based on the curves in Fig. 6(c,d,e,f), steady-state rated-load
operation should be possible at zero speed even with slightly
inaccurate parameter estimates. Based on Fig. 6(a,b), no-load
operation at zero speed is possible if the stator resistance is
underestimated (or accurate) but the overestimated stator resis-
tance causes problems. Actually, there is a solution fulfilling
the condition ψˆ
R
/ψ
R
≈ 1 at very low speeds, but that solution
is discontinuous with the desirable rated-speed solution and,
therefore, not shown in Fig. 6(b). Steady-state operation at
zero frequency is practically impossible under the rated load
torque, as opposed to no-load operation.
B. Variable Observer Gain — Conventional Adaptation Law
If the dynamics of the speed-adaptation loop are ignored, a
pole placement approach can be used to design the observer
gain. Under this assumption, the observer poles (in the stator
reference frame) are placed in proportion to the motor poles1
using the observer gain [1]
L = (k − 1)Rs
[
k + 1
k − τ ′s
τ ′r
+ jτ ′sωˆm
]
(19a)
where a proportional factor k = 1 was originally selected
(leading to L = [0 0]T ). As realized later [5], the dynamics
of the speed adaptation has to be taken into account when
designing the observer gain. The unstable region in the regen-
erating mode is removed by selecting the proportional factor
as
k =
{
1
2
ωs
ωˆm
(
1 +
τ ′s
τ ′r
)
, if ωsωˆr < 0
1, otherwise
(19b)
The conventional speed-adaptation law (6) is used. The
dotted curves in Fig. 6 depict the steady-state solutions of
1Disregarding the dynamics of the speed-adaptation loop, constant observer
poles could easily be obtained. The observer gain, however, becomes inexpe-
diently large at low speeds.
ψˆ
R
/ψ
R
. It can be seen that the observer using (19) is more
accurate than the observer described in Subsection VI-A.
C. Zero Observer Gain — Modified Adaptation Law
In [7], the error term of the speed-adaptation law
ε = Im
{(
is − isc
)(ˆ
is − isc
)∗}
(20a)
was proposed, where
isc =
Rs − jωs
(
LM
2
+ L′s
)
R2s + (LM + L
′
s)L
′
sω
2
s
us (20b)
The current isc depending on the operating point corresponds
to the center point of the current locus when the slip frequency
is varied. Therefore, the sign of the angle between vectors is−
isc and iˆs−isc corresponds to the sign of the speed estimation
error. The observer gain L = [0 0]T is used. The dash-dotted
curves in Fig. 6 show the steady-state solutions of ψˆ
R
/ψ
R
.
The accuracy in no-load operation is poor as can be seen in
Fig. 6(a,b). The accuracy under rated load is comparatively
good, especially in the plugging mode (where ωmωs < 0) in
Fig. 6(c) and in the regenerating mode (where ωrωs < 0) in
Fig. 6(d).
D. Proposed Design
The solid curves in Fig. 6 depict the steady-state expressions
for ψˆ
R
/ψ
R
corresponding to the proposed observer design.
The accuracy in no-load operation and in the motoring mode
corresponds approximately to the accuracy of the observers de-
scribed in Subsections VI-A and VI-B, whereas the proposed
design is more accurate in the regenerating mode. Compared
with the observer described in Subsection VI-C, the accuracy
in the rated-load operation is slightly worse but the accuracy
in no-load operation is much better.
Based on Fig. 6(c,d), the overestimated stator resistance
results in better accuracy in the regenerating mode than the
underestimated stator resistance does. Based on Fig. 6(a,b,c,d),
the underestimated stator resistance gives better results in no-
load operation and in the plugging mode operation. In the
motoring mode, the steady-state performance is not strongly
dependent on the sign of the stator resistance error.
The steady-state accuracy was not considered in the design
phase of the proposed observer. It is assumed that the accuracy
could be made even better by modifying the observer gain and
the angle φ.
VII. CONTROL SYSTEM
The regenerating-mode low-speed operation of the speed-
adaptive observer was investigated by means of simulations
and experiments. The MATLAB/Simulink environment was
used for the simulations. The experimental setup is shown
in Fig. 7. The 2.2-kW four-pole induction motor (IM) was
fed by a frequency converter controlled by a dSpace DS1103
PPC/DSP board.
8PC with DS1103
IM PMservo
Freq.
converter
Speed for
monitoring
Freq.
converter
Fig. 7. Experimental setup. Permanent magnet (PM) servo motor was used
as loading machine.
| |
6
Curr.
contr.
IM
PWMSpeed
contr.
Flux
contr.
Speed-
adapt.
observer
e−jϑˆs
ejϑˆs
is
us,ref
is,ref
ψˆ
R
ψR,ref
ψˆR
ϑˆs
ωˆm
ωm,ref
Fig. 8. Rotor flux oriented controller. Electrical variables shown on left-hand
side of coordinate transformations are in estimated flux reference frame and
variables on right-hand side are in stator reference frame.
The control system was based on the rotor flux orientation.
The simplified overall block diagram of the system is shown in
Fig. 8. The flux reference was 0.9 Wb. A PI-type synchronous-
frame current controller was used [14]. The bandwidth of
the current controller was 8 p.u. (where the base value is
2pi·50 s−1). The speed estimate was filtered using a first-
order low-pass filter having the bandwidth of 0.8 p.u., and
the speed controller was a conventional PI-controller having
the bandwidth of 0.16 p.u. The flux controller was a PI-type
controller having the bandwidth of 0.016 p.u.
The sampling was synchronized to the modulation and both
the switching frequency and the sampling frequency were 5
kHz. The dc-link voltage was measured, and the reference
voltage obtained from the current controller was used for the
flux observer. A simple current feedforward compensation for
dead times and power device voltage drops was applied [15].
VIII. RESULTS
The base values used in the following figures are: current√
2·5.0 A and flux 1.0 Wb. Experimental results obtained using
the conventional adaptation law and the observer gain (4) are
shown in Fig. 9(a). The speed reference was set to 0.08 p.u.
and a negative rated-load torque step was applied at t = 1 s.
After applying the negative load, the drive should operate in
the regenerating mode. However, the actual flux of the motor
collapses soon after the torque step and the system becomes
unstable. According to the pole plot in Fig. 4(a), the operating
point is unstable since the stator frequency is approximately
0.05 p.u. Fig. 9(b) depicts experimental results obtained using
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Fig. 9. Experimental results in regenerating mode when negative rated-load
torque step is applied: (a) instability phenomenon with conventional speed-
adaptation law and observer gain (4); (b) its remedy by using proposed
observer design. Speed reference was set to 0.08 p.u. First subplot shows
measured speed (solid) and estimated speed (dotted). Second subplot shows q
component of stator current in estimated flux reference frame. Third subplot
presents real and imaginary components of estimated rotor flux in stator
reference frame.
the proposed observer design. As expected based on the pole
plot in Fig. 4(b), the system behaves stably.
Further experimental results obtained using the proposed
observer design are shown in Fig. 10. The speed reference
was now set to 0.04 p.u. and a negative rated-load torque step
was applied at t = 5 s. Even though the stator frequency is
only about 0.0085 p.u., both the flux and speed are correctly
observed.
Simulation results showing slow speed reversals are shown
in Fig. 11(a). The proposed observer design was used. A rated-
load torque step was applied at t = 1 s. The speed reference
was slowly ramped from 0.06 p.u. (t = 5 s) to −0.06 p.u.
(t = 20 s) and then back to 0.06 p.u. (t = 35 s). The drive
operates first in the motoring mode, then in the plugging
mode (t ≈ 12.5. . . 17.5 s), in the regenerating mode (t ≈
17.5. . . 22.5 s), again in the plugging mode (t ≈ 22.5. . . 27.5
s), and finally again in the motoring mode. Corresponding
experimental results are shown in Fig. 11(b). The noise in
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Fig. 10. Experimental results in the regenerating mode when negative rated-
load torque step is applied. Proposed observer design was used. Speed
reference was set to 0.04 p.u. Explanations of curves are as in Fig. 9.
the current and the speed estimate originates mainly from
incomplete dead-time compensation. At a given speed, the
proportional effect of the dead-time compensation is more
significant in the regenerating mode than in the motoring mode
since the amplitude of the stator voltage is smaller. As can
be realized based on Fig. 6(c,d), this kind of speed reversals
require a very accurate stator resistance estimate (error of only
few percent allowed) since the stator frequency remains in the
vicinity of zero for a long time.
Experimental results showing zero-speed operation and a
rated-load torque step are shown in Fig. 12. The speed
reference was set to zero. A rated-load torque step was applied
at t = 4 s, and the load torque was removed at t = 12 s. It
can be seen that both the flux and the speed are correctly
observed. After removing the load, the flux is still properly
estimated and the load torque could be applied again.
If the system becomes unstable due to overly inaccurate
motor parameter estimates, the magnitude of the actual flux
either collapses (leading to the disappearance of the electro-
magnetic torque), or the magnitude of the actual flux increases
and the stator frequency locks on to a constant value [16]. To a
certain extent, the steady-state expressions for |ψˆ
R
/ψ
R
| shown
in Fig. 6 can be used to predict which instability phenomenon
is more probable2. A suitable topic for future research is to
investigate whether a stator resistance adaptation scheme can
be incorporated without impairing stability. Alternatively, the
sign of the stator resistance error could be taken into account
in the observer design [16], [17]. This may require the stator
resistance to be intentionally underestimated or overestimated.
IX. CONCLUSIONS
The conventional speed-adaptive flux observer has an un-
stable region in the regenerating mode at low speeds. In the
observer design proposed in this paper, the speed-adaptation
law is modified in the regenerating mode by exploiting the
component of the current estimation error parallel to the esti-
mated rotor flux in addition to the perpendicular component.
2If a flux controller is used, |ψˆ
R
/ψ
R
| = ψR,ref/ψR in steady state.
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Fig. 11. Slow speed reversals when rated-load torque is applied: (a) simu-
lation results; (b) experimental results. Proposed observer design was used.
Explanations of curves are as in Fig. 9.
The observer using the proposed adaptation law does not have
the unstable region, which was shown by means of current
estimation error loci and a linearized model. The effect of
parameter errors on the accuracy of the proposed observer is
comparatively small. The stability of the regenerating-mode
operation was also confirmed by simulations and experiments.
APPENDIX A
GLOBAL STABILITY OF AN ADAPTATION LAW
The motor model (1) in the rotor reference frame (where
ωk = ωm) was considered in [8], and a Lyapunov function
candidate was chosen as
V =
1
2
[
γeHPe+ (ωm − ωˆm)2
]
(21)
where γ is a positive constant, the complex conjugate trans-
pose is marked by the superscript H , and a symmetric real-
valued positive definite matrix P was defined as
P = ΓTΓ =
[
1
L′s
− 1
L′s
0 1
]T [ 1
L′s
− 1
L′s
0 1
]
(22)
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torque step is applied. Proposed observer design was used. Explanations of
curves are as in Fig. 9.
Assuming ω˙m = 0, the time derivative of V becomes
V˙ =
γ
2
eHQe+ (ωm − ωˆm)
[
γ
L′s
Im
{(
is − iˆs
)
ψˆ
∗
s
}
+ ˙ˆωm
]
(23)
where the Hermitian matrix3 Q is
Q = (A− LC)H P+P (A− LC)
= ΓH
[(
Γ (A− LC)Γ−1)H + Γ (A− LC)Γ−1]Γ
(24)
The speed adaptation law was obtained by zeroing the last term
of (23). Therefore, the adaptation law is stable if the matrix Q
is negative semidefinite. However, unlike otherwise stated in
[8], the semidefiniteness of Q is not generally satisfied (albeit
the eigenvalues ofA−LC have negative real parts). Therefore,
the stability of the adaptation law is not proved.
APPENDIX B
TRANSFORMATION OF OBSERVER GAINS
Conventionally, the stator current and the rotor flux are used
as state variables in full-order flux observers [1], leading to
˙ˆz = Fˆ zˆ+Gus +K
(
is − iˆs
)
(25a)
iˆs = Hzˆ (25b)
where the observer state vector is zˆ = [ˆis ψˆR]
T , the observer
gain is K = [ks kr]
T , and H = [1 0]. The matrices Fˆ and
G are given by
Fˆ =
[
− 1
τ ′σ
−jωk 1L′s
(
1
τr
−jωˆm
)
RR − 1τr−j (ωk−ωˆm)
]
, G =
[
1
L′s
0
]
(25c)
where τr = LM/RR and τ
′
σ = L
′
s/(Rs+RR). It can be easily
shown that the transformation
3Hermitian matrices are a generalization of symmetric matrices for complex
matrices (Q = QH holds), and they have real eigenvalues.
K =
[
1
L′s
− 1
L′s
0 1
]
L (26)
gives identical behavior to observers (3) and (25).
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